METHODS
We obtained specimens of hyperplastic macronodular adrenal tissue from 30 patients with primary adrenal disease. The corticotropin precursor proopiomelanocortin and corticotropin expression were assessed by means of a polymerase-chainreaction assay and immunohistochemical analysis. The production of corticotropin and cortisol was assessed in 11 specimens with the use of incubated explants and cell cultures coupled with hormone assays. Corticotropin levels were measured in adrenal and peripheral venous blood samples from 2 patients.
RESULTS
The expression of proopiomelanocortin messenger RNA (mRNA) was detected in all samples of hyperplastic adrenal tissue. Corticotropin was detected in steroidogenic cells arranged in clusters that were disseminated throughout the adrenal specimens. Adrenal corticotropin levels were higher in adrenal venous blood samples than in peripheral venous samples, a finding that was consistent with local production of the peptide within the hyperplastic adrenals. The release of adrenal corticotropin was stimulated by ligands of aberrant membrane receptors but not by corticotropinreleasing hormone or dexamethasone. A semiquantitative score for corticotropin immunostaining in the samples correlated with basal plasma cortisol levels. Corticotropin-receptor antagonists significantly inhibited in vitro cortisol secretion.
CONCLUSIONS
Cortisol secretion by the adrenals in patients with macronodular hyperplasia and Cushing's syndrome appears to be regulated by corticotropin, which is produced by a subpopulation of steroidogenic cells in the hyperplastic adrenals. Thus, the hypercortisolism associated with bilateral macronodular adrenal hyperplasia appears to be corticotropin-dependent. (Funded by the Agence Nationale de la Recherche and others.)
T h e ne w e ngl a nd jou r na l o f m e dicine n engl j med 369;22 nejm.org november 28, 2013 2116 C hronic excess of glucocorticoids may lead to a constellation of symptoms that include central obesity and arterial hypertension, termed Cushing's syndrome, which is associated with increased mortality. In 10 to 20% of cases, Cushing's syndrome is caused by primary adrenal cortisol hypersecretion. 1 Among patients with primary hypersecretion of adrenal cortisol, bilateral macronodular adrenal disease is extremely rare, representing less than 2% of all cases of Cushing's syndrome. Hypersecretion of cortisol by the enlarged adrenal glands suppresses the release of corticotropin by the anterior pituitary, leading to low plasma levels of corticotropin. For this reason, the disease has also been called corticotropin-independent macronodular adrenal hyperplasia.
An understanding of the pathophysiology of corticotropin-independent macronodular adrenal hyperplasia has long been elusive. The persistence of cortisol hypersecretion despite suppressed plasma corticotropin levels was considered to be the result of an autonomous process. However, several studies published over the past two decades have shown that hyperplastic adrenal glands display abnormal expression of various membrane receptors that are involved in the control of cortisol production. [2] [3] [4] [5] [6] These aberrant receptors include ectopic receptors for glucose-dependent insulinotropic peptide, luteinizing hormone, and catecholamines and abnormally active eutopic receptors such as the vasopressin type 1a 5 and serotonin type 4 receptors. 7-10 The molecular defects that have been characterized in samples of hyperplastic adrenals also include activating mutations in the genes that encode the corticotropin receptor, 11 G-protein subunit α s , 12 and phosphodiesterase 11A, 13 as well as the aberrant expression of bioactive signals in the adrenocortical cells, which leads to the formation of intraadrenal regulatory loops. 7 We previously described aberrant expression of corticotropin in a single case of corticotropinindependent macronodular adrenal hyperplasia, 14 which suggests that ectopic production of the peptide in the adrenal cortex may have induced adrenocortical hyperplasia and hypercortisolism. There were subsequent reports of two additional cases of macronodular adrenal hyperplasia associated with ectopic localization of corticotropin in adrenocortical cells. 15, 16 The ectopic production of corticotropin by adrenocortical cells has also been observed in an adrenocortical-pituitary hybrid tumor causing Cushing's syndrome. 17 In the present study, we examined corticotropin production in adrenal glands from a series of patients with macronodular adrenal hyperplasia and decreased levels of peripheral corticotropin.
Me thods

Diagnosis of Cushing's Syndrome
We studied 30 patients with macronodular adrenal hyperplasia associated with subclinical or overt Cushing's syndrome ( Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org); 2 patients had familial disease (Patients 18 and 19), and 28 had sporadic disease. The diagnosis of primary adrenal Cushing's syndrome was based on standard biologic criteria, including an increase in 24-hour urinary cortisol excretion; abolition of the relationship between the circadian rhythm and levels of plasma cortisol; lack of cortisol suppression after the administration of dexamethasone ( Table S2 in the Supplementary Appendix); and decreased basal levels of plasma corticotropin (<10 ng per liter [2.2 nmol per liter]). The diagnosis of subclinical Cushing's syndrome was established on the basis of an abnormal cortisol response to the administration of 1 mg of dexamethasone (cortisol level, >18 μg per liter [50 nmol per liter]). We also searched for potentially aberrant membrane receptors, as previously reported. 7
Specimen Collection and Corticotropin Measurement
Specimens of hyperplastic macronodular adrenal tissue were collected at surgery from 13 patients (prospective study, Patients 1 through 13) and were processed for subsequent in vitro experiments. For the remaining 17 patients (retrospective study, Patients 14 through 30), immunohistochemical or molecular studies were performed on fixed and frozen samples. Control specimens included fragments of seven normal adrenals obtained from patients undergoing expanded nephrectomy for kidney cancer and from four cortisol-producing adenomas. Plasma corticotropin levels were measured in samples of right and left adrenal and peripheral venous blood from Patients 12 and 13 (three samples were obtained from each site in each patient). The same procedure was followed for the 5 control patients with aldosterone-producing adenomas. We used a solidphase, two-site sequential chemiluminescence immunometric assay (Siemens Healthcare Diagnostics Products) with a lower limit of detection of 2 ng per liter (0.44 nmol per liter). The results are expressed as means ±SE.
In Vitro Studies
Synthesis and secretion of corticotropin in the hyperplastic adrenal glands were investigated with the use of reverse-transcriptase-polymerase-chainreaction (RT-PCR) assays and immunohistochemical analyses and by means of cell-culture experiments and incubated adrenal explants. Genetic studies were performed to search for mutations of PDE11A (encoding phosphodiesterase 11A) and GNAS (encoding G-protein subunit α s ). 12 Details of the methods used for these studies are provided in the Material and Methods section and Tables S3 through S6 in the Supplementary Appendix.
Study Oversight
The protocols for the collection of adrenal samples and the experimental procedures were approved by the regional ethics committees. Written informed consent was obtained from all patients. The authors vouch for the accuracy and completeness of the data.
R esult s
Patients
The 30 patients ranged in age from 34 to 76 years; 21 had overt Cushing's syndrome (Table 1) . Clinical and biologic characteristics of the patients are summarized in Tables S1 and S2 in the Supplementary Appendix. No patient had a history of cancer.
Corticotropin Expression
Messenger RNA (mRNA) encoding the corticotropin precursor proopiomelanocortin was detected in all 26 hyperplastic adrenal samples tested by means of conventional and real-time RT-PCR. Values ranged from 4.2 to 62.6 pg of proopiomelanocortin mRNA per 1 ng of cyclophilin mRNA (median, 32.5) ( Fig. 1A) .
Immunohistochemical analysis of hyperplastic adrenal samples from 25 patients with anticorticotropin antibodies revealed the presence of immunoreactive cells in the subcapsular region of the adrenals, the hyperplastic macronodules, or both ( Fig. S1A in the Supplementary Appendix). Isolated corticotropin-positive cells were observed in only 4 of the 25 available samples (16%); in the other 21 samples (84%), they were arranged in clusters. Corticotropin immunoreactivity was detected in the two subpopulations of cells in hyper plastic samples -spongiocytes, which were characterized by abundant cytoplasm and lipid droplets, and small compact cells (Fig. 1B ). Semiquantitative evaluation of immunolabeling of the spongiocytes and compact cells showed moderate immunostaining (in 9 samples [36%] and 8 samples [32%], respectively) or intense immunostaining (in 11 samples [44%] and 14 samples [56%], respectively). The immunostaining was focal for spongiocytes in 18 samples (72%) and for compact cells in 17 samples (68%) ( Fig. S1B and S1C in the Supplementary Appendix). Corticotropinimmunopositive cells were also labeled by antibodies against prohormone convertase 1 (in all 14 available samples), a peptidase known to cleave the precursor protein proopiomelanocortin into active corticotropin, and by antibodies against the granule-specific protein secretogranin II (in all 10 available samples) ( Fig. S2 in the Supplementary Appendix). No corticotropin immunostaining was detected in the cortex of six normal adrenal glands or in four cortisol-secreting adenomas ( Fig. S3 in the Supplementary Appendix).
Adrenocortical cells that were immunopositive for corticotropin were negative for the chromaffin tissue marker chromogranin A (in all 6 samples studied) ( Fig. 2A and 2B) ; CD45, which allows labeling of leukocytes (in all 4 samples studied) ( Fig. 2C and 2D) ; and HLA-DR (in all 5 samples studied) ( Fig. S4 and S5 in the Supplementary Appendix). Staining of sections of hyperplastic adrenal tissue with antibodies to T-box factor, pituitary (TPIT), a transcription factor specifically involved in the differentiation of the corticotroph pituitary lineage, 20, 21 produced no signal in 5 of 7 samples examined ( Fig. 2E and 2F ). There was weak immunostaining in the cytoplasm of corticotropin-positive cells in 2 samples and in some cell cords of the normal adrenal cortex ( Fig. S6 in the Supplementary Appendix). The expression levels of TPIT mRNA were similar in the samples of normal and macronodular hyperplastic adrenal tissue but appeared to be much lower than the expression levels in a sample from a corticotropic adenoma of the pituitary. Corticotropin-positive cells were stained intensely by antibodies against markers of steroidogenic differentiation, including steroidogenic factor 1 (in all 5 available samples); scavenger receptor class B type I, the high-density lipoprotein receptor (in all 14 available samples); 
Corticotropin Secretion
In two patients with adrenocortical hyperplasia (Patients 12 and 13), plasma corticotropin levels in the right and left adrenal veins were higher than those in the peripheral veins (26.6±5. 5 However, in patients with an aldosterone-producing adenoma, plasma corticotropin levels were similar in the adrenal and peripheral veins (Fig. 3A) .
In vitro incubation studies revealed that all adrenocortical hyperplasia explants spontaneously released corticotropin in a pulsatile fashion, with a frequency of 3.85±0.23 pulses per hour (Fig. 3B ). Cortisol production was significantly correlated with corticotropin release in 7 of 11 explants (64%). Conditioned medium removed after the incubation of explants from Patients 4, 5, 7, 10, and 11 stimulated corticosterone secretion in samples of cultured adrenocortical cells from rats. After subtraction of the concentrations of corticosterone in the added medium, the net steroidogenic responses of the cells were positively correlated with the measured corticotropin levels produced by the explants (Fig. S8A in the Supplementary Appendix) . Corticostatin, a corticotropin-receptor antagonist, inhibited the stimulatory action of conditioned medium on the cultured rat cells (Fig. S8B in the Supplementary Appendix). Both spontaneous cortisol secretion and corticotropin-induced cortisol secretion by hyperplastic explants were reduced by the two melanocortin 2 receptor (MC2R) antagonists corticostatin and corticotropin(7-38), the corticotropin fragment corresponding to amino acids 7 to 38 of the peptide (Fig. 3C and 4B, and Table S7 POMC (pg/ng of cyclophilin) in the Supplementary Appendix). In addition, basal cortisol levels correlated positively with both the histologic corticotropin intensity scores ( Fig. 3D ) and MC2R mRNA expression levels (Fig.  3E ) in the hyperplastic samples studied. (MC2R mRNA and steroidogenic enzyme mRNA expression levels are shown in the Results section and in Fig. S9 and S10, respectively, in the Supplementary Appendix.)
When hyperplastic explants from patients with abnormal plasma cortisol responses to glucose-dependent insulinotropic peptide, serotonin, and human chorionic gonadotropin were incubated with these same compounds, corticotropin secretion increased. Similarly, these compounds provoked a marked and prolonged increase in cortisol release ( Fig. 4A, and Table S7 and Fig. S11 in the Supplementary Appendix). The effect of glucose-dependent insulinotropic peptide on cortisol secretion was significantly reduced in the presence of the MC2R antagonist corticotropin(7-38) (Fig. 4B ). Corticotropinreleasing hormone (10 −7 M), dexamethasone (10 −6 M), and the glucocorticoid receptor antagonist mifepristone (10 −6 M) had no significant effect on the secretion of corticotropin by hyperplastic explants (data not shown).
Genetic Studies
We searched for somatic mutations of GNAS. No mutations were found (Table 1 ).
Discussion
We sought to detect abnormal expression of corticotropin in a series of patients with Cushing's syndrome and what has been called "corticotropinindependent" bilateral macronodular adrenal hyperplasia. The mRNA encoding the corticotropin precursor proopiomelanocortin was detected in all hyperplastic adrenal samples studied. In addition, hyperplastic specimens expressed prohormone convertase type 1, which suggests that adrenals affected by macronodular adrenal hyperplasia may generate bioactive corticotropin after pro-cessing its precursor. Immunohistochemical studies confirmed the presence of corticotropin in adrenocortical cells that were distributed heterogeneously throughout the specimens, a finding that is consistent with the marked variability in levels of proopiomelanocortin mRNA expression. Several cell types (e.g., chromaffin cells, lymphocytes, and pituitary corticotrophs) have been re ported to produce corticotropin. 22, 23 We examined the phenotype of corticotropin-positive cells by means of immunohistochemical analysis, using antibodies against markers for these various cell types. We observed that corticotropin expression in the hyperplastic adrenal samples did not result from adrenal chromaffin-like, lymphocyte-like, or pituitary corticotroph-like cell differentiation. The corticotropin-containing cells exhibited the morphologic characteristics of steroidogenic cells and were also consistently labeled by antibodies to steroidogenic factor 1, a transcription factor that triggers steroidogenic differentiation 24 ; the receptor for the high-density lipoprotein scavenger receptor class B type 1, which plays an important role in maintaining the supply of cholesterol for adrenal steroidogenesis 25 ; and 17α-hydroxylase, a key enzyme in the synthesis of cortisol and androgens.
Major-histocompatibility-complex class II antigens, which are normally expressed in the inner layer of the adrenal cortex, 26 were not expressed by the corticotropin-positive cells. Conversely, the expression of insulin-like 3, 27 a marker of Leydig and luteal cells, by corticotropinpositive cells, together with the well-demonstrated occurrence of corticotropin in steroid-producing gonadal cells, 28, 29 suggests that abnormal synthesis of corticotropin may be a trait of gonadallike differentiation. Because adrenocortical and gonadal stem cells both derive from the mesonephros, we speculate that the presence of gonadal-like cells in the adrenal glands may result from the abnormal differentiation of certain steroidogeniccell progenitors or from the defective migration of some gonadal stem cells during embryogenesis. This pathologic process may represent the counterpart of the presence of adrenal rests in the gonads, a phenomenon that has been well documented in the testis. 30 The molecular defect that causes macronodular adrenal hyperplasia may be complex, and the disease is a heterogeneous disorder that can be associated with various genetic defects at germline or somatic levels. 12, 13, 31 In the present study, two patients had previously been shown to carry germline mutations in PDE11A, a gene associated with macronodular adrenal hyperplasia. 13, 18 Since all the hyperplastic adrenal specimens examined contained corticotropin-positive cells, we speculate that the abnormal expression of corticotropin by some adrenocortical cells may represent a secondary pathophysiological process that is common to diverse molecular defects and is seen in both sporadic and familial cases.
The presence of corticotropin in cytoplasmic granules and its association with secretogranin II immunoreactivity suggest that corticotropin may be released within the adrenal cortex through exocytosis. Our in vitro results show that corticotropin can be secreted by hyperplastic explants. The release of corticotropin by the adrenal glands was also observed in vivo in two patients, both of whom had higher plasma levels of corticotropin in the adrenal veins than in the peripheral veins. Thus, it is conceivable that in some patients with macronodular hyperplasia and markedly elevated cortisol levels, 32 detectable plasma corticotropin levels are due to ectopic production of the peptide by the hyperplastic glands. A case report by Hiroi et al. 17 about a patient with an adrenocortical-pituitary hybrid adenoma and paradoxically normal plasma corticotropin levels supports this idea. In that patient, adrenal corticotropin production was detected on adrenal-vein catheterization, and surgical removal of the neoplasm suppressed corticotropin levels.
Our results also suggest that in patients with macronodular adrenal hyperplasia, overt hypercorticolism, and unsuppressed plasma corticotropin levels, corticotropin secretion by the adrenal glands should be considered and explored by sampling the adrenal veins rather than by catheterizing the inferior petrosal sinus. 17 Our observation that adrenocortical explants released corticotropin, together with cortisol, in a pulsatile fashion is consistent with a study showing that cortisol production is pulsatile in patients with Cushing's syndrome due to bilateral macro nodular adrenal hyperplasia 33 and with previous observations showing a relationship between intraadrenal oscillators and the expression of "clock genes." 34 Our observation that cortisol levels correlated positively with corticotropin levels in conditioned medium from adrenal explants raises the possibility that corticotropin, when produced by some steroidogenic cells, may stimulate cortisol secre-tion through a paracrine mechanism. This hypothesis is supported by our in vitro findings: conditioned medium from hyperplastic adrenal explants stimulated the production of corticosterone in cultured rat adrenocortical cells, an effect that was inhibited by an MC2R-receptor antagonist, indicating that intraadrenal corticotropin is actually bioactive; corticotropin-receptor antagonists reduced the production of cortisol in hyperplastic explants. In addition, basal plasma cortisol levels correlated positively with both the histologic corticotropin scores and MC2R expression levels in hyperplastic adrenal samples. These results suggest that in macronodular adrenal hyperplasia, intraadrenal corticotropin plays an important role in the regulation of cortisol secretion. We speculate that the recently developed corticotropin-receptor antagonists might provide an alternative treatment for hypercortisolism associated with adrenal macro nodular hyperplasia. Ectopic synthesis of cortico tropin by adrenocortical cells may also be involved in the development of hyperplasia through the angiogenic and antiapoptotic actions of the peptide on the adrenocortical tissue. 35 When we examined the effect of classic regulators of pituitary corticotropin secretion on the release of corticotropin by hyperplastic explants, we found that corticotropin-releasing hormone had no substantial action. Similarly, dexamethasone and the glucocorticoid-receptor antagonist mifepristone did not affect the release of corticotropin, indicating that cortisol is not involved in a feedback mechanism that inhibits the production of corticotropin in adrenal hyperplastic tissues. Conversely, we observed that corticotropin production was stimulated by regulatory factors that activate aberrant membrane receptors expressed by hyperplastic tissues (i.e., glucose-dependent insulinotropic peptide, serotonin, and human chorionic gonadotropin) (see the Discussion section in the Supplementary Appendix).
In conclusion, the present study shows that in patients with bilateral macronodular adrenal hyperplasia and Cushing's syndrome, cortisol production is controlled both by aberrant membrane receptors and by corticotropin that is produced within the adrenocortical tissue, which appears to act as a local amplifier of the action of these receptors. From a pathophysiological point of view, the term "corticotropin-independent," which has been used to designate cases of bilateral ad- renal macronodular hyperplasia with hypercortisolism and low plasma corticotropin levels, appears to be inappropriate. The disease instead seems to be a cause of primary adrenal Cushing's syndrome in association with the ectopic expression of corticotropin within the adrenal cortex. Thus, the term "bilateral macronodular adrenal hyperplasia" would seem to be a better and more accurate description of the disease. 36 
